Generalized capillary dysfunction is a morbid element in the metabolic syndrome, and it is likely involved in its complications. We tested the hypothesis that vast amounts of serum albumin previously observed in kidneys of rats with the metabolic syndrome were caused, in part, by leakage from renal peritubular capillaries. We report herein large scale leaks of plasma fluid in peritubular capillaries of rats with the metabolic syndrome. This finding was directly demonstrated in vivo, and the presence of leftover albumin residue confirmed the leak in post-mortem kidney specimens. Moreover, renal interstitial fibrosis and tubular atrophy were found in a distribution similar to the leaked renal albumin in obese rats. We suggest that there is an important link between peritubular capillary damage and interstitial fibrosis, represented as tubulo-interstitial disease in the metabolic syndrome. We propose that maintenance of the peritubular microcirculation may improve renal outcomes in diabetes and the metabolic syndrome.
INTRODUCTION
Generalized capillary dysfunction is an important pathogenic mechanism of nephropathy and other complications of uncontrolled diabetes (6, 27). One logical inference from this notion is that glomerular and peritubular capillaries are similarly damaged in diabetic nephropathy.
However, the focal point of research on diabetic nephropathy has been the glomerulus (15, 38, 39) , and the prospect of significant injury to postglomerular capillaries has received less attention. Investigators have proposed that post-glomerular microvessels are damaged in diabetic nephropathy (6), and some experimental support has been advanced (2, source, of diabetes complications. We recently found large quantities of rat serum albumin in kidneys of male rats with nephropathy of the metabolic syndrome (7), and hypothesized a severe leakage of blood plasma into the renal interstitium, most likely from post-glomerular capillaries. Hence, we searched for post-glomerular capillary leakage of macromolecules in male rats with nephropathy of the metabolic syndrome.
We studied F 1 generation hybrid male rats, the product of Zucker Diabetic Fatty and Spontaneous Hypertensive Heart Failure rats (ZS rats) which prominently depict all common features of the metabolic syndrome (7). We used two-photon intra-vital microscopy to reveal massive capillary leaks into the renal interstitium of relatively young obese rats.
MATERIALS AND METHODS

Animals: The Research involving animals adhered to The American
Physiological Society Guiding Principles in the Care and Use of Animals.
The investigative protocols were approved by the IACUC at Indiana University. Obese (OM) and lean (LM) males were F 1 generation from a cross between Zucker Diabetic Fatty (ZDF) and Spontaneously Hypertensive Heart Failure (SHHF) rats (ZS; Charles River Laboratories, Willmington, MA) (7). The rats were acclimatized for one week prior to
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Hoechst 33342 dye was used to locate nuclei and define a focal plane, albumin to image blood space, and dextran to label tubular space (9, 24).
The timing for image collection was initiated upon injection of the Hoechst 33342 dye. The kidneys were imaged in multiple cortical regions to minimize any focal responses, and images were captured approximately every 4 minutes. The specific dye intensity measurement was performed in images obtained at 12 minutes, figure 1. Intra-vital imaging was conducted by laser scanning two-photon microscopy with a Bio-Rad MRC1024MP microscope (Bio-Rad Microscience, Hercules, CA) and a multi-photon laser (Spectra-physics, Mountain View, CA). The same transmission, gain, and offset were used for all images in all rats. The rats were then sacrificed, and the kidneys harvested and fixed in 4% paraformaldehyde. The software for image analysis was MetaMorph (Molecular Devices, Sunnyvale, CA), employed for analysis of specific fluorescence in interstitium, capillaries, and tubule lumens. They were imaged using a Zeiss UV LSM-510 confocal microscope as described above. Statistical analysis: The results are expressed as means and standard errors, and any differences between the two groups were evaluated by twotailed Student's t test.
RESULTS
Metabolic phenotype: Obese and lean ZS rats were studied at 21 weeksof-age, a point in time when the metabolic syndrome phenotype had been established for several weeks in obese rats (7). The most relevant features of the obese and lean rat phenotypes are summarized in table 1. Body weights, kidney weights, liver weights, and heart weights were all much higher in obese rats than in lean litter mates. Serum levels of glucose, cholesterol, and triglycerides, normal in lean rats, were also higher in obese rats. Moreover, urinary albumin normalized to creatinine excretion was 8-fold higher in obese rats compared to lean rats, consistent with significant nephropathy and glomerular capillary leak. One predictable corollary of albumin leakage is its presence in postmortem sections. The localization of leaked albumin was independently verified by confocal microscopy using an anti-albumin antibody to label the kidney sections, figure 6. We also used an antibody to von Willebrand factor (vFW or factor VIII-related antigen) in an attempt to co-localize the endothelial marker vFW and leaked albumin. In lean rats, renal albumin The notion that peritubular capillary damage is linked to interstitial fibrosis predicts extracellular matrix expansion of interstitial space in obesity. Accordingly, trichrome stains were performed to visualize areas of fibrosis in renal sections of all rats. The low power vistas in figure 7 revealed normal tubules without fibrosis in lean rats. In contrast, the virtual peritubular space in lean rats was greatly expanded by scar tissue in obesity, which seemed to enclose dilated tubules.
DISCUSSION
The original formulation of the Steno hypothesis envisioned widespread vascular damage to explain distant and concurrent complications of type 1 diabetes (6). This idea subsequently received experimental support in type 2 diabetes complicated by nephropathy (27).
The overarching microvascular damage hypothesis is consistent with our current findings of loss of renal vascular barrier function, and those of others regarding defective renal nitric oxide synthesis (14), which presumably amplifies renal vasculopathy and resulting nephropathy (18).
In this work, we demonstrated a pervasive renal peritubular capillary leak in rats with the metabolic syndrome. While we were not able to visualize glomeruli due to their greater cortical depth in ZS rats, we can safely assume their capillaries also lost barrier function, as indicated by the existing proteinuria. Nevertheless, the images of the peritubular circulation conclusively showed albumin spilling into the space surrounding peritubular capillaries of the obese rats.
The presence and distribution of renal Interstitial and tubular albumin is far more pronounced in obese rats than in lean rats. The images were made using a 40X water immersion objective. was far more extracellular matrix in the obese rat kidneys compared to the lean rat kidneys. The images were made using a 20X objective. 
